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Abstract 
Coral reef ecosystems maintain high biodiversity and have great economic value. 
Nonetheless, inshore coral reefs of the Great Barrier Reef (GBR) are facing threats from poor 
water quality due to extensive modification of coastal catchments following European 
settlement. Ba/Ca ratios in coral skeletons have been used to infer past water quality, but in 
order to use a proxy to infer past environments, it is critical to develop a firm understanding 
of the parameters that control the proxy. This study investigated various environmental, 
climatic and oceanographic factors to understand a long-term (1976 to 2016) record of 
biogeochemical cycling of Ba/Ca preserved in a Cyphastrea sp. coral colony recovered from 
near-shore Rat Island (near Port Curtis), southern GBR. Our Cyphastrea was found to have 
simple skeletal microstructure, similar to that of Porites, with unaltered skeletal preservation, 
clear annual density banding, and an extended growth history with seasonally resolved Sr/Ca 
signals. This combined with a wide geographic distribution make Cyphastrea coral a 
potential new palaeoenvironmental archive. Although Rat Island is located near the mainland 
and is influenced directly by discharge from the Calliope and Boyne rivers, temporal 
oscillations of Ba/Ca did not show peaks associated with high runoff during summers. 
Rather, Cyphastrea’s high-resolution Ba/Ca data shows, for the first time, consistent seasonal 
cycles with a gradual decrease from spring through summer and gradual rise from autumn 
through winter. Biogeochemical cycling of Ba in the semi-confined turbid water of Port 
Curtis may be controlled by active or passive planktic uptake during the spring bloom stage 
and removal of barite minerals formed in decaying phytoplankton during post-bloom stage. 
The subsequent increase of Ba/Ca from autumn through winter may be attributed to reduction 
of phytoplankton abundance. The semi-enclosed embayment of Port Curtis has restricted 
water turnover with a large terrigenous runoff load that may have significant influence on 
phytoplankton dynamics. Our work suggests that Ba cycling, and hence, the Ba/Ca coral 
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proxy, may differ greatly depending on local geographic factors and thus, we recommend that 
geographic and oceanographic conditions should be taken into account in coral-based Ba/Ca 
proxy studies used to reconstruct water quality.  
 
Keywords: Water quality, Ba/Ca, Cyphastrea sp., Phytoplankton, Great Barrier Reef.  
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1. Introduction 
Coral reefs are threatened worldwide by changes in environmental and climate components 
from global (e.g., ocean acidification and global warming) (Hoegh-Guldberg et al., 2007) and 
local (e.g., poor water quality) (De’ath et al., 2012; Clark et al., 2017) pressures. Local 
anthropogenic activities, including intensive agricultural practices (Packett et al., 2009; 
Thorburn et al., 2013) and land use changes (Seabrook et al., 2006; Lewis et al., 2007; 
Seabrook et al., 2007; Hunter and Walton, 2008) with associated increased sediment runoff 
(Fabricius, 2005; Lough et al., 2015) are major threats to inshore coral reefs. Such reefs 
comprise one-third of the Great Barrier Reef (GBR) (Hopley et al., 2007). High sediment 
discharge in turn significantly affects key water quality parameters, such as water turbidity, 
total suspended solid load (Kroon et al., 2012), nutrient content (Wooldridge et al., 2006; 
Kroon et al., 2012) and primary productivity (Furnas et al., 2005; Brodie et al., 2007; Brodie 
et al., 2011; Schaffelke et al., 2012). Declining water quality hampers coral survival capacity 
(De'ath and Fabricius, 2010), reduces coral growth (Rogers, 1990; Carilli et al., 2009) and 
larval recruitment and settlement success (Rogers, 1990; Dikou and van Woesik, 2006; 
Erftemeijer et al., 2012), affects species composition (Pastorok and Bilyard, 1985; Dikou and 
van Woesik, 2006), reduces reef accretion rates (Rogers, 1990), enhances susceptibility to 
bleaching (Wagner et al., 2010; Cunning and Baker, 2013), affects coral colony forms 
(Fabricius and Wolanski, 2000; Weber et al., 2012), decreases photosynthesis, and disrupts 
coral-symbiont partnerships (Erftemeijer et al., 2012; Flores et al., 2012; Jones et al., 2016). 
Hence, proxy based reconstruction of water quality drivers (e.g., river discharge), especially 
to investigate pre-industrial water quality records, is important if we are to understand past 
responses of coral reefs to changes in water conditions and to project future responses under 
different anthropogenic scenarios.   
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 Scleractinian corals secrete an aragonite (CaCO3) skeleton throughout their growth 
and annually banded skeletons from massive corals are an invaluable archive of information 
in the form of palaeoenvironmental proxies (Gagan et al., 1998; McCulloch et al., 2003; 
Wyndham et al., 2004; Fleitmann et al., 2007; Kelly et al., 2009; DeLong et al., 2013). Water 
dissolved trace metals with ionic radii and charge similar to Ca can easily substitute for Ca in 
the aragonite crystal lattice in coral skeleton and therefore may represent the ambient water 
quality through its growing time. Among trace metal ratios used for monitoring fluvially 
derived sediments in coastal marine environments, Ba/Ca is the most widely used proxy (see 
review by Saha et al., 2016). Barium is incorporated into coral aragonite by substituting for 
Ca due to reasonable ionic size matching between divalent Ba (1.35 Å) and Ca (1.00 Å) 
(Shannon, 1976). Direct calibration of coralline Ba/Ca against seawater Ba/Ca has a 
distribution coefficient of ~1.0 (LaVigne et al., 2016), showing that Ba incorporates into 
coral in the same proportion as in ambient seawater. A primary source of Ba in the estuarine 
mixing zone is riverine input from continental weathering (Coffey et al., 1997). Once 
freshwater encounters more saline oceanic water with higher ionic strength, particle–bound 
Ba desorbs and is transported towards the ocean in river plumes (Hanor and Chan, 1977; 
Coffey et al., 1997). Desorption of particle-complexed Ba in coastal waters [~50–70% of 
total dissolved Ba (Li and Chan, 1979; Carroll et al., 1993)] is responsible for a clear contrast 
in Ba concentration between coastal and oceanic waters (Ba concentration in seawater ranges 
from 30 to 160 nM) (Wolgemuth and Broecker, 1970; Chan et al., 1976). Dissolved Ba in 
marine water shows depletion in the surface ocean and enrichment at depth (Jacquet et al., 
2007; Hoppema et al., 2010). Because of its nutrient-like vertical concentration profile, which 
is closely linked to phytoplankton productivity (Dehairs et al., 1980), Ba/Ca in surface corals 
of offshore/oceanic settings has been used to reconstruct upwelling events (Lea et al., 1989; 
Reuer et al., 2003; Montaggioni et al., 2006). However, the complex biogeochemistry of Ba 
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in coastal coral skeletons is not fully understood, particularly in cases where multiple 
environmental and climatic drivers may interact simultaneously. Although skeletal Ba/Ca in 
some locations shows a correlation with regional river discharge (McCulloch et al., 2003; 
Fleitmann et al., 2007; Walther et al., 2013; Saha et al., 2018), anomalous Ba/Ca spikes 
uncorrelated with river discharge and/or any known event also are common (Sinclair, 2005b; 
Lewis et al., 2012; Saha et al., 2016; Saha et al., 2018). Hence, more spatiotemporal studies 
are needed to better understand the factors that control Ba/Ca dynamics in coral skeletons.  
 The majority of coral skeleton trace element studies from low to mid-latitude in the 
GBR are restricted to the species Porites (see review by Saha et al., 2016) owing to its higher 
abundance in tropical reefs and its long growth records with clear annual banding (Veron, 
2000; McCulloch et al., 2003; Walther et al., 2013; Saha et al., 2018). However, although 
Porites is common in some inshore reefs of the GBR (Potts et al., 1985) it is currently absent 
or rare in many high-latitude inshore environments, such as sub-tropical Rat Island of 
southern GBR (Ayling et al., 2012) and Moreton Bay (Wallace et al., 2009). Hence, Porites-
based palaeoenvironmental reconstructions are temporally and spatially limited and the 
investigation of alternative coral genera as palaeoenvironmental archives is warranted. 
Massive Cyphastrea sp. coral species are widely distributed in tropical and sub-tropical 
regions of the GBR (Veron, 2000). No previous study has exploited Ba/Ca records in the 
inshore coral Cyphastrea sp. to examine the biogeochemical cycles of Ba in coastal waters 
and coral-based Ba/Ca records are rare in reefs of the southern GBR with the exception of a 
recent publication based on Porites (Saha et al., 2018, also see their Fig. 1). No coral 
geochemical study has been conducted to infer long-term changes in water quality in the 
Gladstone region of the southern GBR. Here we report a 41-year, Ba/Ca record derived from 
inshore Cyphastrea sp. coral colonies from Rat Island (off Gladstone) to investigate the 
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influence of environmental, climatic, and oceanographic drivers on this widely used water 
quality proxy in an inshore turbid environment.   
 
2. Materials and methods 
2.1. Study area 
Gladstone, located ~525 km north of Brisbane, is a major port city in Queensland, Australia. 
Port Curtis (also known as Port of Gladstone) is Queensland’s largest multi-commodity port 
and the 4th largest coal export terminal in the world (GPC, 2014). Water in the embayment of 
Port Curtis (PC) is enclosed by Curtis Island (length ~44 km) on the north and Facing Island 
(length ~ 12 km) on the east and south-east sides. Three openings, including South Channel, 
North Channel and The Narrows, connect the water of PC to open ocean  (Witt et al., 2009) 
(Fig. 1). Port Curtis contains a number of small islands, including Rat Island (present 
sampling site) located in the middle of the ‘North Channel’. Rat Island is situated at a 
distance of ~10 km and ~18 km from the mouth of the Calliope and Boyne rivers, 
respectively. Fringing coral reefs occur on the rocky substrate adjacent to the Rat Island 
(Conaghan, 1966), although these reefs are poorly developed and show relatively low coral 
diversity. 
 The Calliope and Boyne rivers, which drain the hinterland near PC, influence the 
water quality of the PC estuary. The Boyne River delivers discharge to PC estuary via two 
channels—east (true mouth) and west (South Trees inlet) of Boyne Island (Fig. 1). Several 
smaller creeks also flow into the estuary from the mainland. Model-based estimation shows 
that current annual delivery of total suspended solids (TSS) to the GBR from the Calliope (~ 
210 ktonnes/yr) and Boyne river (~ 43 ktonnes/yr) basins has increased by a factor of 10.5, 
and 1.0, respectively, compared to the period prior to European colonisation (Kroon et al., 
2012). Similarly, current annual supply of total nitrogen (TN) and total phosphorous (TP) 
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increased by a factor of 13 (TN—from 46 to 600 tonnes/yr) and 26.7 (TP—from 6 to 160 
tonnes/yr), respectively, from the Calliope River basin and by a factor of 2.1 (TN—from 90 
to 190 tonnes/yr) and 2.1 (TP—from 14 to 30 tonnes/yr), respectively, from the Boyne River 
basin compared to pre-European settlement (Kroon et al., 2012). Apart from riverine delivery 
of terrestrial sediment, water quality in this region is influenced by numerous industries, 
agricultural activities, and dredging and dumping associated with Port development and 
operations (Petus and Devlin, 2012). 
 Climate of the region is characterized by a wet summer season (October to March) 
and dry a winter season (April to September). Summers are usually associated with 
considerable rainfall and higher relative humidity; winters are associated with minimal 
rainfall, relatively cooler temperature and lower humidity. Summer monsoonal rainfall shows 
substantial interannual to decadal variability (Kiem et al., 2003; Verdon et al., 2004). 
Variability of rainfall and river discharge is modulated by El Niño Southern Oscillation 
(ENSO) on an annual scale and Pacific Decadal Oscillation (PDO) on a decadal scale (Kiem 
et al., 2003; Kiem and Franks, 2004; Rodriguez-Ramirez et al., 2014). Occasional tropical 
cyclones developed in the Coral Sea bring torrential rain, storm surges, and high wave energy 
to the Queensland coast, typically during the summer season. South-east trade winds and 
Coriolis force drives freshwater plumes northward from the river mouths along the 
Queensland coast (King et al., 2001).  
 
2.2. Coral sample collection and processing 
In June 2016, two cores (core ID: RI1 and RI2) were extracted from two live Cyphastrea 
colonies from the same location using a pneumatic drill on SCUBA at 1.5 m below lowest 
astronomical tide (LAT) from a site (23.76631° S, 151.31778° E) on the southern side of Rat 
Island, located in the southern GBR  (Fig. 1). The cores were washed with freshwater and 
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then cut longitudinally into ~ 7 mm thick slices using a diamond saw. Coral slabs were 
ultrasonically cleaned several times with Milli-Q water (18.2 Ω) and subsequently oven-dried 
at 60° C for 24 hrs. Dried coral slices were x-rayed to visualize annual density banding to aid 
sampling along the growth axis, chronology assignment and obtain information regarding 
annual extension rates. Annual linear extension rates for two cores were calculated from the 
linear distance between successive density couplets as the density bands for both the cores are 
clearly visible on X-radiographs (Fig. 2a,b). Mean annual linear extension rate was calculated 
by averaging the annual values. Coral slabs were then treated with 10% hydrogen peroxide 
(H2O2) for 48 hrs to eliminate organic contaminants and cleaned three times in an ultrasonic 
bath using Milli-Q water followed by drying in the oven at 60° C for 48 hrs. Sub-samples 
were manually milled from the dried slices along the growth axis using a drill (Dremel) 
equipped with a diamond bit of 2 mm diameter. Sequential sub-samples (8–12 per annual 
band) were then collected along the growth axis using a hand-held drill.  
 
2.3. Elemental analysis and microstructure observation 
Inductively Coupled Plasma-Mass Spectrometery (ICPMS–Thermo X-series II) was used to 
measure elements in coral skeleton at the Radiogenic Isotope Facility (RIF), The University 
of Queensland (UQ), Australia. All analytical containers, including bottles and test tubes, 
were cleaned in sub-boiling ~20% HNO3 followed by Milli-Q water and then air-dried in 
HEPA-filtered hoods. Sample powders of ~1.5 mg were digested with 4.5 ml of 2% HNO3 
containing 6-ppb of 
6
Li, 
61
Ni, 
103
Rh, 
115
In, 
187
Re and 
235
U isotopes as internal standards, to 
achieve a final dilution factor of ~ 1: 3,500. Dilute solutions (~1:3,500) of certified 
geochemical reference materials W-2a (U.S.G.S. diabase standard), BHVO-2 (U.S.G.S. 
basalt standard), JCp-1 (Japanese coral), and BIR-1 (U.S.G.S. Icelandic basalt) were prepared 
from pre-made concentrated stock solutions. The final solutions of these standards also 
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contain the same 6ppb multi-isotope internal standards in 2% HNO3. A mixture of JCp-1 and 
W2a solutions was also prepared to use as an external drift monitoring solution. The drift-
monitoring solution was measured frequently (every five samples). Raw elemental signals 
were corrected for any mass response drift and matrix effects using the signal strengths of the 
multi-isotope internal standard, and then corrected for any long-term instrumental drift based 
on the signal variation of the repeatedly measured drift-monitoring solution. The mean JCp-1 
values and standard deviations (n = 9) for Sr/Ca and Ba/Ca during the course of this study 
were 8.79 ± 0.04 (1 σ) mmol/mol and 7.46 ± 0.03 (1 σ) µmol/mol, respectively. Based on 
these analyses, the long-term reproducibility was calculated at 0.25% RSD for Sr/Ca and 
0.46% RSD for Ba/Ca.  
 A scanning electron microscope (SEM–Hitachi TM3030Plus) was used on uncoated 
samples of the core to observe the skeletal microstructure and diagenetic preservation. Resin-
impregnated samples (one longitudinal and one transverse section) were polished and etched 
using 2% formic acid for 20s prior to the observation.   
 
2.4. Sources of environmental data 
Monthly resolution sea surface temperature (SST) data were obtained from: (1) in situ SST 
data for the period of Oct 2013 to Sep 2015 from the Australian Institute of Marine Science 
(AIMS) Buoy at Masthead Reef (MASTHEADFL1; ~ 48 km east of Rat Island) at 1.5 m 
below LAT level (http://www.aims.gov.au/docs/data-centre/seatemperatures.html); (2) in situ 
SST data from Jun 2016 to Apr 2017 from the AIMS Buoy at Rat Island (RATFL1 at 2 m 
below LAT level); (3) satellite-derived SST data from IGOSS-NMC 
(https://iridl.ldeo.columbia.edu/SOURCES/.IGOSS/.nmc/.Reyn_SmithOIv2/.monthly/.sst/ind
ex.html?Set-Language=en) for the period of November 1981 to June 2016 and (4) Hadley 
Centre Global Sea Ice and Sea Surface Temperature (HadISST) dataset produced by Met 
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Office Hadley Centre (http://www.ceda.ac.uk/) from Jan 1976 to Jul 2015. The IGOSS-NMC 
and HadISST datasets were available for a 1° latitude by longitude box centered on 23.5°S, 
151.5°E (off Rat Island). SST records from the three sources were highly correlated (p < 
0.01) with linear regression coefficients, r
2
 of 0.99 for AIMS (Masthead)–IGOSS, 0.97 for 
IGOSS–HadISST (supplementary Fig. S1). HadISST data from Jan 1976 to Oct 1981 and 
IGOSS SST data from Nov 1981 to Jun 2016 were combined and the composite SST was 
compared against Sr/Ca to develop coral chronology (discussed in section 2.5).  
 River discharge data (ML) were obtained from Department of Natural Resources and 
Mines (DNRM) Water Monitoring Information Portal (WMIP) gauging stations 
(https://water-monitoring.information.qld.gov.au/) on the Calliope River basin at Castlehope 
(station number 132001A). Rainfall data (mm) were sourced from the Australian Bureau of 
Meteorology (BOM—www.bom.gov.au) at Southern Curtis Island (station number 039241).  
  Monthly time series satellite-derived chlorophyll-a concentration data representing 
Sep 1997–Oct 2010 were obtained from the Sea Viewing Wide Field of View Sensor 
(SeaWiFS) via the NASA GES-DISC Interactive Online Visualization and ANalysis 
Infrastructure (GIOVANNI) web interface (https://giovanni.gsfc.nasa.gov/giovanni/). Data 
with 9 km spatial resolution were averaged for the regions of 23.8458°S and 151.2927°E, 
23.7003°S and 151.4026°E. Daily resolution in situ total chlorophyll concentration data were 
sourced from Australian Institute of Marine Science (AIMS— 
http://data.aims.gov.au/metadataviewer/uuid/8a698de1-3fbf-48a5-b068-358b07aad35c) at 
Pelican Island (23.2389°S and 150.8745°E ; ~ 25 km north of Fitzroy River mouth) over the 
period of Oct 2007–Mar 2015. Monthly resolution in situ chlorophyll-a concentration data 
measured by Queensland Environmental Protection Agency (from 1995 to 2001) at Calliope 
River mouth and dissolved phosphate concentration data (1998-2001) measured by Gladstone 
Port Authority at Clinton Wharf were sourced from Currie and Small (2005). Solar exposure 
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data (monthly resolution from 1990 to 2015) were taken from BOM 
(http://www.bom.gov.au/climate/data/) at Southern Curtis Island (station number 039241). 
Daily wind speed data (1976 to 2015) recorded at Gladstone Radar (station number 039123) 
were obtained from BOM (http://www.bom.gov.au/climate/data/). The historical tide height 
dataset (2011-2014) for Auckland Point at Gladstone was sourced from Maritime Safety 
Queensland (https://www.msq.qld.gov.au/Tides/Open-data). Tropical cyclones that have been 
tracked within a 200 km radius of Rat Island from 1976 to 2006 were sourced from BOM 
(http://www.bom.gov.au/cgi-bin/silo/cyclones.cgi) and cyclonic history after 2006 was 
synthesised from other sources (http://www.australiasevereweather.com/cyclones/index.html;  
http://www.bom.gov.au/cyclone/history/; http://www.windworker.com.au/qldcyclones.htm)  
and listed in supplementary Table S1. 
 
2.5. Coral chronology  
Age models of the RI1 and RI2 cores were constructed by counting the annual density bands 
visible in the X-radiographs (Fig. 2). These visually developed chronologies were tested and 
refined by tuning the Sr/Ca data to monthly averaged SST since the inverse dependency of 
the coral Sr/Ca on ambient SST has been validated by many independent studies (Beck et al., 
1992; Gagan et al., 1998; DeLong et al., 2011; DeLong et al., 2013; Bolton et al., 2014; 
Sadler et al., 2016). Thus, low winter SST corresponds to peak Sr/Ca and vice versa. After 
tuning the Sr/Ca peaks and troughs with monthly SST, geochemical data between the summer 
and winter tie-points were interpolated linearly to monthly resolution using the 
geochronological software AnalySeries 2.0 (Paillard et al., 1996) to facilitate comparisons 
between monthly instrumental datasets and monthly coral geochemical records. 
2.6. Data analysis 
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Temporally uneven geochemical data (Sr/Ca and Ba/Ca) from each annual growth band were 
interpolated to evenly distributed monthly resolution data using AnalySeries 2.0 (Paillard et 
al., 1996) (see the ‘Chronology’ section above for detailed interpolation technique). 
Interpolated monthly data were used subsequently to perform continuous wavelet transform 
(CWT) to identify any periodicity. Cross wavelet transform (XWT) and wavelet coherence 
(WTC) were applied to analyse the relationships between two time series (SST–Ba/Ca and 
Sr/Ca–Ba/Ca) together in the time-frequency space. These wavelet analyses (CWT, XWT 
and WTC) were performed in Matlab using the software package 
(http://paos.colorado.edu/research/wavelets/) developed by Grinsted et al. (2004), which 
utilises the original continuous wavelet package of Torrence and Compo (1998).  
 
3. Results  
As Cyphastrea has not previously been used as a geochemical archive, the first issue was to 
investigate its microstructure and diagenetic preservation. The skeletal microstructure of 
Cyphastrea is similar to that of Porites (Nothdurft and Webb, 2007) consisting of aragonite 
fibres radiating from centers of rapid accretion (CRA) as trabeculae and then covered by 
thickening deposits (TD) consisting of more parallel aragonite fibres (Fig. 3). Skeletal 
architecture is simple with parallel vertically oriented corallites that are separated by 
coenosteum. Individual corallites consist of a circular wall (i.e., theca) and septa radiating 
towards the center of the corallite, both composed of vertically arranged parallel trabeculae 
(Fig.3).  Dissepiments are scattered and there is no evidence of early marine diagenetic 
alteration (Fig. 3). Hence, considering the well-developed annual banding, the studied 
Cyphastrea colonies appear to be appropriate for geochemical analysis.   
  Development of an accurate chronology for geochemical time series is an important 
aspect of interpreting the modulation of proxies with environmental and climatic parameters. 
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Clear annual density bands that are visible in X-ray and distinguishable annual cycles of the 
commonly used SST proxy, Sr/Ca, in RI2 and RI1 cores allow us to develop a precise 
chronology for the Cyphastrea colonies. The time series for the interpolated Sr/Ca developed 
following the methods detailed in section 2.5 is shown in Fig. 2c,d. The geochemical records 
in the long RI2 record extend from Jun 2016 to Jan 1976 and in RI1 from Jul 2006 to Aug 
2002. For RI1, a short unaltered portion with a ~4 year growth record was selected to cross-
check the reproducibility of elemental ratios in RI2. The variability of unsmoothed RI2 Sr/Ca 
over the period of Jan 1976 to Jun 2016 ranged from 8.81 to 9.41 mmol/mol, with a mean 
value of 9.11 ± 0.11 (1σ) mmol/mol. Sr/Ca (unsmoothed from Aug 2002 to Jul 2006) in RI1 
ranged from 9.07 to 9.57 mmol/mol with a mean value of 9.28 ± 0.11 (1σ) mmol/mol. The 
mean value of unsmoothed Sr/Ca in RI1 (9.28 ± 0.11 mmol/mol) over the common period 
(Aug 2002 to Jul 2006) is slightly higher than RI2 (varied from 9.07 to 9.57 mmol/mol with a 
mean of 9.17 ± 0.11 mmol/mol). The two Sr/Ca time series (smoothed) from Aug 2002 to Jul 
2006 were significantly correlated (r = 0.68, n = 48, p < 0.01).  
 Annual linear extension rate in RI2 from 1976 to 2015 varied from 3.9 to 10.9 mm/yr 
with an average of 6.84 ± 1.5 (1σ) mm/yr, whereas annual linear extension rate in RI1 from 
2003 to 2006 varied from 5.70 to 7.90 mm/yr with an average of 6.93 ± 0.93 (1σ) mm/yr, 
which is similar to the extension rate of RI2 (5.30 to 7.80 mm/yr with an average of 6.73 ± 
1.05 (1σ) mm/yr) during the same overlapping period with significantly strong correlation (r 
= 0.71, n = 4, p < 0.01). 
  Unsmoothed Ba/Ca ratios in RI2 for the period of 1976 through 2016 varied from 
4.26 to 13.93 µmol/mol with a mean value of 7.40 ± 2.05 (1σ) µmol/mol. The mean 
unsmoothed Ba/Ca values for cores RI1 and RI2 over the period of Aug 2002 to Jul 2006 
were 6.67 ± 1.45 (1σ) µmol/mol and 6.03 ± 0.83 (1σ) µmol/mol, respectively. The range of 
Ba/Ca variability in RI2 (4.75 to 9.91 µmol/mol) was higher than for RI1 (4.91 to 7.99 
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µmol/mol) during the overlapping period (Aug 2002 to Jul 2006). The two Ba/Ca time series 
(smoothed) from Aug 2002 to Jul 2006 were significantly correlated (r = 0.42, n = 48, p < 
0.01) with identical seasonal cycles (Fig. 4). The reported mean Ba/Ca for RI1 and RI2 and 
were significantly higher than the values registered in Porites from Round Top Island (Jupiter 
et al., 2008), Havannah Reef (McCulloch et al., 2003; Walther et al., 2013), Pandora Reef 
(McCulloch et al., 2003) and Great Keppel Island of the GBR (Saha et al., 2018) (Fig. 4). 
This likely reflects the naturally turbid environment of Port Curtis, possibly due to its semi-
enclosure by Facing and Curtis islands, which form a significant circulation barrier between 
Port Curtis and the open ocean water (Fig. 1). Thus, the fresh water and terrestrial sediments 
discharged into this shallow embayment disperse slowly and poor water quality with higher 
turbidity may persist. Unlike, Great Keppel Island coral (Saha et al., 2018) and other reported 
studies (McCulloch et al., 2003; Jupiter et al., 2008; Walther et al., 2013) wherein Ba/Ca 
peaks seem to correlate with riverine freshwater influx during summer, both RI2 and RI1 
cores show reduced Ba/Ca ratios in summer and enhanced Ba/Ca in winter (Fig. 4).  
 Continuous wavelet transform (CWT) indicates that similar to Sr/Ca and SST, Ba/Ca 
ratios in the long RI2 core shows a consistent annual cyclicity over the analysed period from 
1976 to 2016 (Fig. 5 a,b,c). A cross wavelet transform (XWT) of Ba/Ca with SST and Sr/Ca 
indicates anti-phasing of Ba/Ca with SST and in-phasing with Sr/Ca with high common 
power in the 1 year band (Fig. 5 d, e). Significantly strong (at 95% confidence level) inverse 
covariance of Ba/Ca with SST and positive covariance with Sr/Ca in the 1year band was 
observed in wavelet coherence (WTC) analysis (Fig. 5 f, g). Thus, wavelet analysis strongly 
suggests consistent timing of the RI2 Ba/Ca oscillation.  
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4. Discussion 
Biogeochemical cycling of Ba in marine environments is controlled by several factors, 
including (i) riverine input, especially for coastal waters (Coffey et al., 1997), (ii) wind/wave 
associated sediment resuspension (Esslemont et al., 2004), (iii) upwelling (Lea et al., 1989), 
(iv) direct (active) uptake by phytoplankton and/or adsorption on the phytoplankton cell 
surface (passive) (Fisher et al., 1991; Sternberg et al., 2005), and  (v) barite formation 
associated with phytoplankton death (Dehairs et al., 1980; Stroobants et al., 1991; Stecher 
and Kogut, 1999; Pyle et al., 2017). Incorporation of Ba into coral aragonite also is 
influenced by temperature (Gaetani and Cohen, 2006).  
 A major external source of Ba in coastal water is riverine input and the fluvial flux of 
dissolved Ba is significantly enhanced in low salinity estuarine regions due to desorption of 
Ba from river-introduced suspended clays by exchange with major cations in seawater (Hanor 
and Chan, 1977; Coffey et al., 1997; Nozaki et al., 2001). Distinct seasonal patterns in 
dissolved Ba in coastal water is expected due to seasonal variations in the magnitude of river 
discharge (Thomas et al., 2011) and was observed in coral skeleton time series data in several 
different geographic locations (McCulloch et al., 2003; Fleitmann et al., 2007; Jupiter et al., 
2008; Moyer et al., 2012; Walther et al., 2013; Saha et al., 2018). Enhanced sediment 
delivery associated with catchment clearance and drought-breaking floods resulted in 
significant enrichment of Ba/Ca in a Porites sp. coral at Great Keppel Island (Saha et al., 
2018), which is located in more open, but still coastal waters ~ 75 km north-west of Rat 
Island where it is influenced directly by the northward flowing Fitzroy River plumes (Alibert 
et al., 2003; Sinclair and McCulloch, 2004). Whilst Ba/Ca in the Great Keppel coral 
fluctuated with annual Fitzroy River discharge and showed more synchronous behaviour with 
discharge on a decadal timescale, no apparent link between seasonal river discharge (or 
rainfall) and Ba/Ca was recorded in the present study. Rather, RI1 and RI2 Ba/Ca time series 
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shows consistent seasonal fluctuation with winter maximum and summer minimum 
throughout the years analysed (Fig. 4). The distinct hydro-geographic positions of these two 
coral locations may partly explain the different behaviour of the Ba/Ca proxy. Great Keppel 
is exposed to open seawater with high hydraulic flushing and coral records lower Ba/Ca 
concentration [ranging from 3.57–7.21 µmol/mol with an average of 4.34 ± 0.42 (1σ) 
µmol/mol] relative to Rat Island coral [Ba/Ca in RI2 varied from 4.26 to 13.93 µmol/mol 
with a mean value of 7.40 ± 2.05 (1σ) µmol/mol] and therefore, is likely to capture episodic 
Ba/Ca pulses related to higher discharge. In contrast, restricted water turnover in PC likely 
results in more persistently turbid water with a saturated and elevated background of Ba 
concentration in seawater through the year and thus, summer pulses are effectively masked 
and other seasonal environmental factors drive the summer and winter oscillation of Ba/Ca. 
Anomalous oscillation of Ba/Ca uncorrelated with local river discharge was also reported in 
other studies (Sinclair, 2005b; Carriquiry and Horta-Puga, 2010; Chen et al., 2011; Lewis et 
al., 2012), showing that terrestrial runoff does not solely govern the complex marine 
biogeochemistry of Ba.  
 Resuspension of buried sediment by wind associated turbulence may result in 
desorption of Ba from resuspended sediment particles and can enhance water column 
dissolved Ba content (Esslemont et al., 2004). In some cases, Esslemont et al. (2004) did not 
find expected Ba/Ca spikes despite the wind speed being favourable for resuspension. 
However, tropical cyclones with high wind speed, which would be expected to resuspended 
sediments usually affect the eastern coast of Queensland during summer periods (from 
January to March) as shown in Fig. 4. Hence, wind induced resuspension cannot explain the 
temporal Ba/Ca patterns recorded in this study, wherein higher Ba/Ca ratios occur in winter, 
when the ocean is relatively calm (Fig. 4).  
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 Seasonal upwelling into the GBR, which is enhanced during summer months (Furnas, 
2011), may act as a significant source of Ba/Ca pulses in corals (Lea et al., 1989; Shen et al., 
1992; Ourbak et al., 2006). Upwelling dynamics in the GBR are primarily controlled by the 
relative depth of the thermocline at the edge of the continental shelf. Therefore, offshore reefs 
are potentially influenced by the ingress of cold, nutrient-rich water up the slope to the shelf-
break (Andrews and Gentien, 1982; Walther et al., 2013). Hence, Ba/Ca seasonality in 
nearshore RI1 and RI2 (~ 200 km from the continental shelf edge) with a summer minima is 
unlikely to be driven by regional upwelling.   
 Anti-correlation between temperature and Ba/Ca was observed in both experimentally 
precipitated aragonite (Dietzel et al., 2004; Gaetani and Cohen, 2006) and stained Diploria 
labyrinthiformis coral skeleton growing at ~15 m depth on the south terrace of Bermuda 
platform (Gaetani and Cohen, 2006). Differential partitioning of Ba and Ca in aragonite and 
fluctuation of precipitation efficiency (higher in summer) based on seasonal temperature 
variation was suggested as a potential cause of temperature dependency of Ba/Ca. The 
reported temperature dependency for Diploria coral skeleton is -0.213 µmol/mol per °C, 
which would equate to ~2 µmol/mol Ba/Ca variation over our composite SST range of ~20–
29 °C (from 1976 to 2016). The same is true for a short (Jun 2016 to Apr 2017) in situ SST 
(AIMS temperature logger) record at Rat Island wherein seasonal SST varied in the range 
between 19.84 to 28.81°  (i.e., annual amplitude is 8.97 °C) with an average of 24.65 °C.  
The range of unsmoothed Ba/Ca variability for RI2 core is ~ 10 µmol/mol (from 4.26 to 
13.93 µmol/mol). Ba/Ca–temperature relationships in corals may be taxon specific and 
temperature could have more influence on Ba incorporation into Cyphastrea than into 
Diploria, but such a great difference appears unlikely. Even though the range of long-term 
seasonal SST fluctuation at Rat Island could be slightly higher than the short in situ (at Rat 
Island) record of ~9 °C, the required abrupt fluctuation in temperature (~ 47 °C based on the 
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relationship of -0.213 µmol/mol Ba/Ca per °C) to compensate the recorded ~10 µmol/mol 
Ba/Ca variability is highly unrealistic. As long-term local seawater temperature data are not 
available, the commonly used SST proxy, i.e., Sr/Ca signatures in relatively slow growing 
Cyphastrea’s skeleton can possibly be used to reconstruct SST. However, reconstruction of 
SST on a longer temporal scale (1976 to 2016) using linear regression between monthly 
Sr/Ca and monthly composite SST over the period of 1976 to 2016 [regression equation: 
Sr/Ca (mmol/mol) = 9.828 (± 0.473) − 0.02861 (± 0.019) × SST (ºC); r = - 0.671; p < 0.01, 
root mean square of residuals (RRMS) = 2.63 ºC] (Fig. S2) provides an unrealistic peak-to-
peak SST amplitude of ~20 °C [from 14.81 to 35.32 ºC with an average of 24.66 ± 3.55 (1σ)] 
at Rat Island that occurs in tidal pass. This indicates that skeletal Sr/Ca signals also were 
modulated partially by other drivers. Sr/Ca signals in Cyphastrea could be influenced by the 
coastal proximity wherein local runoff may have affected the Sr/Ca in the turbid water of Rat 
Island (Shen et al., 1996; Marshall and McCulloch, 2002; Fallon et al., 2003). Other 
biological factors (so called “vital effects”) are also thought to modulate the skeletal Sr/Ca 
signatures in corals (De Villiers et al., 1994; De Villiers et al., 1995; Allison and Finch, 2004; 
Sinclair, 2005a; Sinclair et al., 2006; Saenger et al., 2008; Cohen and Gaetani, 2010; Grove et 
al., 2013; Deng et al., 2014), and slower growing corals, like Cyphastrea, are more 
susceptible to such vital effects (Deng et al., 2014). Here, annual mean Sr/Ca in RI2 was 
positively influenced by the annual extension rate (Fig. S3). Similar positive extension rate 
effects on coral Sr/Ca records have been reported in other corals (Grove et al., 2013; Deng et 
al., 2014). A systematic increase in Sr/Ca with increasing abiogenic aragonite crystal growth 
and a decrease of this elemental ratio with decreasing crystal growth also was reported by 
Cohen and Gaetani (2010). Thus, although the annual cyclicity of Sr/Ca derived from 
Cyphastrea satisfies the major goal of chronology development for this study, utilization of 
this proxy for SST reconstruction requires further investigation. Regardless, temperature 
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could be responsible for some of the seasonal Ba/Ca fluctuation in Cyphastrea, but 
temperature alone is unlikely to account for the high amplitude of the Ba/Ca signals.  
 Excess nutrients are problematic for reef ecosystems (Hallock and Schlager, 1986; 
Koop et al., 2001; Fabricius, 2005; D’Angelo and Wiedenmann, 2014; Vega Thurber et al., 
2014; Humanes et al., 2016) and their dominant source in coastal waters is the terrestrial 
supply, which is enhanced anthropogenically by fertilizers in runoff from agriculture and 
accelerated soil erosion caused by land use change (Furnas and Mitchell, 2000; Wooldridge 
et al., 2006; Brodie et al., 2012). On a seasonal scale, delivery of nutrients (both dissolved 
and particulate) in coastal water is highly variable and generally increases with higher 
discharge during wet summer intervals (Brodie et al., 2007; Devlin et al., 2012; Lønborg et 
al., 2017). Summer enrichment of nutrients triggers the abundant production of 
phytoplankton communities in Port Curtis (Currie and Small, 2005) similar to other coastal 
regions along the GBR (Furnas et al., 1990; Furnas et al., 2005; Schaffelke et al., 2012). An 
outstanding feature of Ba/Ca time series in RI1 and RI2 is its seasonal regularity throughout 
the years analysed, indicating a dominant influence of seasonal environmental drivers (Fig. 4 
and 5). Ba/Ca data are anti-phased with seawater chlorophyll concentration, which reflects 
phytoplankton biomass, suggesting a possible influence of ocean biology on the Ba/Ca cycle 
(Fig. 6). During spring, SST begins to rise, solar exposure has been increasing for several 
months, magnitude of rainfall, discharge, and nutrient supply (indicated as dissolved 
phosphate) to the sheltered water of Port Curtis starts a gradual rise, and there is an extended 
calm period with low wind and tidal flushing (Fig. 7). All of these conditions (Revelante and 
Gilmartin, 1982; Revelante et al., 1982; Furnas et al., 1990; Bell et al., 1999; Sinclair, 2005b) 
are favourable for phytoplankton blooms (indicated as chlorophyll in Fig. 7) in the semi-
enclosed coastal embayment of Port Curtis.    
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 Dynamics of marine Ba may be related to active or passive biological drawdown of 
dissolved Ba during blooming seasons and indirect biologically mediated precipitation of Ba 
as the mineral barite (BaSO4) in super saturated micro-environments associated with 
decaying phytoplankton during post-bloom periods. Active uptake of Ba by live 
phytoplankton (Fisher et al., 1991) and/or adsorption (i.e., passive) on phytoplankton cell 
surfaces (Sternberg et al., 2005) may lead to a depletion of dissolved Ba. Laboratory 
experiments show that diatom cells take up Ba in direct proportion to the ambient seawater 
concentration and localization of most of the absorbed Ba is associated with the frustules 
(Fisher et al., 1991). Linkage between elevated particulate Ba (not present as barite) and 
higher biomass in the southern ocean (Cardinal et al., 2005) and culture experiments with the 
diatom (Sternberg et al., 2005) suggested absorption of Ba onto biogenic matter. A steady 
decline in Ba/Ca in both RI1 and RI2 cores is coupled with an increase in chlorophyll 
concentration from early-spring, which may be attributed to progressive increase in sorptive 
(adsorption and absorption) removal of Ba with increased plankton abundance during the 
spring bloom (Fig. 7). Semi-confined water of this shallow embayment may trap significant 
amounts of phytoplankton due to hydrodynamic restriction. Similar Ba/Ca behaviour with 
winter maxima and summer minima was observed in a short time series record in a Porites 
lutea colony from a shallow sheltered embayment of Cow and Calf Island (Whitsunday 
region, central GBR) and was attributed to planktic influence (Fig. S4) (Sinclair, 2005b).  
 Formation of marine barite is not associated with live phytoplankton (Bishop, 1988; 
Stroobants et al., 1991) but with dead phytoplankton, because most sea water is under-
saturated with respect to barite (BaSO4) (Church and Wolgemuth, 1972; Monnin et al., 1999; 
Rushdi et al., 2000) and decaying phytoplankton and fecal material provide a sulfate-rich 
micro-environment favourable for barite micro-crystal precipitation (Dehairs et al., 1980; 
Bishop, 1988; Stroobants et al., 1991; Jeandel et al., 2000; Ganeshram et al., 2003; Pyle et al., 
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2017). After barite is precipitated in the biogenic detritus, coral may ingest the Ba-rich 
particles as food sources, or Ba may remineralize while barite particles descend though the 
water column, or barite particles may be buried in the sediment (Chan et al., 1977; Dehairs et 
al., 1980; Bruland, 1983; Stroobants et al., 1991; Jacquet et al., 2007). Planktic blooms during 
spring and summer should have increased Ba/Ca ratios if Cyphastrea either ingested Ba-
enriched particles or barite was remineralized during sinking. However, Ba/Ca peaks of RI1 
and RI2 occur in winter following a decrease from the beginning of spring and they reaches 
their lowest values in summer (Fig. 7). Significant removal of dissolved Ba through the 
conversion to particulate barite at the end of diatom-dominated spring bloom has been 
observed in both oceanic (Bishop, 1988; Stroobants et al., 1991) and estuarine (Stecher and 
Kogut, 1999; Pyle et al., 2017) environments. Higher availability of micro-environments in 
abundant depth assemblages during post-bloom stages may accelerate the formation of barite 
and outflux of dissolved Ba from the water column around Rat Island as is observed in 
Cyphastrea’s Ba/Ca seasonal records (Fig. 7). The amplitude of Ba/Ca in RI1 is relatively 
lower than RI2 (Fig. 7) because RI2 Ba/Ca is the long-term (over the period of 1976 to 2016) 
seasonal average of monthly values, whereas RI1 Ba/Ca represent only a short-term (2002 to 
2006) average of monthly values, when Ba/Ca was supressed in both cores (Fig. 4). 
 Overall, a cumulative effect of bioconcentration of Ba during the phytoplankton 
blooming period and removal of barite particles during post-bloom phytoplankton decaying 
stage may explain the seasonality of coralline Ba/Ca with its remarkable decrease from early 
spring to late summer (Fig. 7). Importantly, the greatest flux of new terrestrial Ba would be 
expected in the summer high discharge intervals, but dissolved Ba is low at that time based 
on the coral record.  
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5. Conclusions 
Changing water quality due to increased anthropogenic pressures is a major driver for 
declining inshore coral communities along the GBR. Proxy-based reconstructions are 
unequivocally important for extending our knowledge of changes in water quality beyond the 
instrumental record so as to better predict the future of coral communities, not only in the 
GBR, but in other locations in the world. The limited spatial distribution of commonly used 
Porites species indicates the need for alternative species for investigating palaeoenvironment, 
especially in the inshore sub-tropical high latitude. The simple skeletal architecture and 
skeletal microstructure of Cyphastrea similar to those of Porites. That combined with wide 
geographic distribution (both tropical and sub-tropical region of the GBR) (Veron, 2000), 
extended growth record, clear annual density banding, and seasonally resolved Sr/Ca signals 
suggest the high potential for Cyphastrea to be used as a novel palaeoenvironmental archive. 
However, the commonly used coralline Ba/Ca proxy is influenced by multiple environmental 
and climatic drivers, and thus, complicates the interpretation of targeted water quality drivers 
(e.g., terrestrial sediment runoff). The long-term Ba/Ca record in Cyphastrea from Rat Island, 
GBR shows for the first time that consistent seasonal cyclicity in an inshore coral is 
controlled not by terrestrial input associated with runoff, but by associated marine 
biochemical cycles. Although the RI1 and RI2 coral cores are located in close proximity to 
the Calliope and Boyne river mouths, oscillation of Ba/Ca signals was not directly linked to 
the expected environmental drivers: terrestrial discharge and/or rainfall. Rather, we found an 
indirect link to discharge through a control of nutrient supply and associated phytoplankton 
productivity. Geochemical cycling of Ba in the semi-enclosed embayment of Port Curtis is 
likely to be controlled by seasonal phytoplankton dynamics that are themselves controlled in 
part by terrestrial nutrient supply. A remarkable decrease in skeletal Ba/Ca from early spring 
to late summer may be a cumulative effect of drawdown of Ba through direct uptake by live 
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phytoplankton and/or adsorption on the cell surface during the spring bloom period and 
sinking of barite minerals formed in special micro-environments of decaying phytoplankton 
during post-bloom stages. Importantly, this drawdown occurs during the expected peak 
delivery of Ba from runoff. Gradual reduction in abundance of planktic biomass from autumn 
through winter results in increased Ba/Ca with peaks in late winter. Hydrographic conditions 
of Port Curtis with restricted hydraulic flushing may act as a natural trap for phytoplankton, 
which exerts an eventual dominant control on dissolved Ba content. Thus, whereas Ba/Ca 
may serve as a direct proxy for runoff in some more open geographic settings, it may be 
modulated into an antiphase relationship by phytoplankton in other settings, such as Port 
Curtis. We recommend that physicochemical oceanographic conditions of the coral sampling 
site should be taken into account for utilizing coralline Ba/Ca proxy to understand long-term 
water quality linked to terrestrial runoff. To better understand the dynamics of Ba in semi-
enclosed estuarine systems like Port Curtis, future research should investigate the seasonal 
variability of dissolved Ba, nutrient and chlorophyll concentrations, and their connectivity in 
semiconfined coastal water. Further study on the Ba/Ca–temperature calibration is also 
recommended for Cyphastrea to isolate the influence of temperature on the variability of 
Ba/Ca. 
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Figure captions 
Fig. 1. (a) Map showing location of Rat Island in the Great Barrier Reef, Australia (inset). 
Geographical Information System (GIS) shapefiles were provided by the Great Barrier Reef 
Marine Park Authority (b) Coral sampling spot (red star) from southern side of the Rat Island. 
Google Earth image was used with permission from Google.  
Fig. 2. (a, b) X-radiographs of Cyphastrea sp. coral slabs (RI1 and RI2) showing annual 
growth bands and sampling tracks (white lines). (c, d) Comparison of interpolated monthly 
Sr/Ca ratios of RI1 and RI2 with monthly resolution composite SST (HadISST—Jan 1976 to 
Oct 1981 and IGOSS SST—Nov 1981 to Jun 2016; see the text for SST data sources) over 
the period of Aug 2002 to Jul 2006 and Jan 1976 to Jun 2016, respectively. Maximum Sr/Ca 
corresponds to minimum SST and vice versa. 
Fig. 3. SEM images of skeletal architecture and microstructures of Cyphastrea sp. coral 
skeleton, mounted in epoxy, polished and etched.  (a) Transverse view (perpendicular to the 
growth direction) of vertically oriented corallites in Cyphastrea’s skeleton showing the 
fundamental skeletal units - theca, radiating septa from wall and dissepiment. (b) Transverse 
section of a septa (outlined in a) showing multiple centers of rapid accretion (CRA) defining 
individual trabeculae. (c, d) Enlarged view of longitudinal section of a septa with CRA and 
surrounding thickening deposits (TD) projected from CRA. Note that entire skeleton is 
composed of fibrous aragonite.   
Fig. 4. Ba/Ca signals recorded in RI1 and RI2 are compared with published Ba/Ca data 
showed linkage with terrestrial runoff (Top panel). Locations of Ba/Ca record along the GBR 
are shown in inset (a) in top panel. Box Whisker diagrams (inset b in top panel) show 
statistics of Ba/Ca from different locations of the GBR. The record of discharge (black line) 
for Calliope River, which directly influence the Rat Island is shown in bottom panel. The 
record of rainfall (grey line) from southern Curtis Island (station number 039241) over the 
period of 1976 to 2016 is also shown (bottom panel). See the text for discharge and rainfall 
data sources. Blue dashed lines indicate the timing of high discharge. 1Jupiter et al., (2008), 
2McCulloch et al., (2003), 3Walther et al., (2013), 4Saha et al., (2018), 5,6this study. 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
 
45 
 
Fig. 5. (a–c) Continuous wavelet transform (CWT) of monthly SST, Sr/Ca (RI2) and Ba/Ca 
(RI2); (d and e) Cross wavelet transform (XWT) between monthly SST and Ba/Ca, and 
between monthly Sr/Ca and Ba/Ca; (f and g) Wavelet coherence (WTC) between monthly 
SST and Ba/Ca, and between monthly Sr/Ca and Ba/Ca. Period indicates year and black 
contours represent the significance at 95% confidence level. Right and left arrows indicate 
in-phase and anti-phase between two variables, respectively. Shaded region indicates the 
values outside of cone of influence (COI). 
Fig. 6. Comparison of Ba/Ca time series (black dotted and solid lines indicate core RI1 and 
RI2, respectively) with in situ and satellite derived chlorophyll concentration data from 
different sources. Satellite derived (SeaWiFS sensor via GIOVANNI) chlorophyll-a 
concentration spanned from Sept 1997 to Oct 2010. In situ chlorophyll-a at Calliope River 
mouth and total chlorophyll at Pelican Island ranged from 1995 to 2001 and from 2007 to 
2015, respectively. Data sources are mentioned in the text. 
Fig. 7. Long-term seasonal averages of geochemical proxies [Ba/Ca (red solid line for core 
RI2 and red dotted line for core RI1) and Sr/Ca] and various environmental and climate 
parameters. Discharge, rainfall, composite SST, Ba/Ca and Sr/Ca data represent the 
average of monthly values of each parameter over the period of Jan 1976 to Jun 2016 
(except for Ba/Ca in RI1, which spanned from Aug 2002 to Jul 2006). See the text for 
discharge, rainfall and SST data sources. Average of solar exposure and wind speed data 
spanned from 1990 to 2015 and 1976 to 2015, respectively. Solar exposure and wind speed 
data are sourced from Bureau of Meteorology (BOM— http://www.bom.gov.au/climate/). 
Average of satellite derived (SeaWiFS via GIOVANNI—
https://giovanni.gsfc.nasa.gov/giovanni/) chlorophyll-a data spanned from 1997 to 2010 and 
in situ chlorophyll data from Pelican Island (AIMS—
http://data.aims.gov.au/metadataviewer/uuid/8a698de1-3fbf-48a5-b068-358b07aad35c) and 
Calliope River mouth (Currie and Small, 2005) spanned from 2007 to 2015 and 1995 to 
2001, respectively. Tide height (at Auckland Point, Gladstone—
https://www.msq.qld.gov.au/Tides/Open-data) and dissolved phosphate concentration (at 
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Clinton Wharf, Gladstone—Currie and Small (2005)) data ranged from 2011 to 2014 and 
1998 to 2001. Error bars represent standard errors. 
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Data Statement 
 
Sr/Ca and Ba/Ca data for RI2 and RI1 cores are presented as Data Table 1 and 2 at the end 
of supporting file.     
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Highlights 
In contrast to previous findings, Cyphastrea’s Ba/Ca does not record changing terrestrial 
runoff. 
Seasonal cyclicity of Ba/Ca shows summer minima and winter maxima. 
Geochemical cycling of Ba/Ca is influenced by phytoplankton dynamics. 
Geographic and oceanographic conditions are critical for interpreting Ba/Ca signals in 
coral. 
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